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LI T OF FIGURE i.D NOMENCLATURE 



t v 



D 



C|! 



CQ 



C T 



Rotor tip I os - fictor. I -ken >s B = I- — n.<J. 

Rotor H Force coo f t i c i er. : , C|g = — n.d. 

p- R 2 (RR ) 2 

Rotor Torque coeffL ior.t, Cq = L no. 

-tiR (°R) 2 

Rctor Thrust coefficient,, Cj = »J« 

rrR 2 (. R ) 2 



Df 

E 



F 

H 



M 



Mf 

r P 

My, M 



Q 



t 



Fuse l uge drug i '*>. 

Coefficient cf const urt term ]n the ch r uc t -r i st I o 



or frequency equutlor o A me isui e of otitic 
stdL I i i 1 y . 




Hod. 


Gt nora 1 j zed force 




1 eSo 


Rotor horizontal force, the longitudinal 
projection of th- rotor reultnrf force 
v over i a to the pi me p» *rp' >ri 1 i cu 1 r to the 
axiu of nc feathering, positive off. 




1 bSc 


Hi'/) r.y -r«}0 r t of inertia of rotor 1 jJp jdOu t 

fi ipplnj hinje 


J i u j 


ft 7 - 


Not -Jlrnon icn,j||zinj ten. K| = p- R (HR)^ 




i J j o 


L r, j 1 i 1 1 d i - ! pit hii.jmomee —out the c 0j . 
of the direr, ft, po^itwe i.o jp. 


ft 


1 


Longitudinal p i i c f i j moment due to fuselage 
and power effects 


ft 


1 3. 


joneralized pitJnlnj moment Jeriv lives 






Norml force due to thrust i r - j propeller, 
positive up 




I US. 


haft torque 






Main rotor radiu". 




ft. 


Area of horizontal t il 1 j r f 3 c 




9 

ft- 



f 



V 



T 

t p 

V 

W 

X y Y , L. 



Z 



V 



Rotor IhrUit, proje tion of roior 1 
result it for^e ve^ior upon 1 he cix I _> 
of no feather irg 

Thrust of ei gi ne-prope I Icr , posifive forward 

Magnitude of forward velocity projected 
upon the X axis 

Gross weight of the aircraft 

St ah i I i ty ax i s, a ody ax I s that I i if i I ly 
oriented with the relative velocity ve< tor snd 
fixed In the aircraft aft* r zero tine® X i 
positive forward, Z is posifive dow e Origin 
at c.jo cf aircraft. 

Generalized force derivatives in 2 direction 



a 

a o 



a t 



b 



4 ' 



c 



Lift curve slope of rotor tlade section 
Rotor con i ng ang | e 

Longitudinal angle between the axi. of 
no feathering and the axis of no f I ipplng, 
positive for flapping axis aft 

Three-dimensional lift curve slope of 
her i zonta | tail 

Number of blades of main rotor 

Lateral angle between axis of no feutfnrinj 
and axis of no flapping, pojtive for flapping 
axis right 

Rotor blade chord 



c 0 g 0 Center of gravity of aircraft 

1^ Incidence of rotor reference axis re I itive 

to fuselage reference axis 



q Free stream dynamic pressure 

v Average induced velocity at the rotor disc 

Xyl Displacement of rotor huh from aircraft c.g., 

measured perpend i cu I «r to an i along rotor 
reference axis. Negative for rotor huh jhove 
ar d aft of c.y. 



f i / 



l/r jdlan 
r idiuns 

rad Ian * 

l/r :dlan 

r no’ Ions 
ft. 

rad iuns 
i /ft 2 
ft/iCC 



ft. 



vl 



x p' z p 


Displacement of en ji nc-prope 1 ler thrust 
axis from aircraft c.g. Measured along 
si ao i 1 i ty axes 


ft 0 


*t 


Tail arm, measured along stability axes 


ft. 


CL 


Angie of attack of the plane of no feathering, 
positive up 


r -dlans 




Angle of attack of the fuselage reference line 


radians 


a P 


Angie of attack of the thrusting propeller, 
equal to fuselage angle of attack 


rad I on 3 


at 


Angle of attack horizontal tail, equal to 
fuselage angle of attack 


r 3d i ons 


a l 


Angle of attack of the pi3ne perpend i cu lar to the 
rotor reference axis 


radians 


Y 


F 1 i ght path ang | e 


rid ions 


Y i 


pacR^ 

Blade constant, v 

1 'l 


nod. 


a 


Increment or Incremental change 


n .d. 


6 


Rotor control angle, the longitudinal anjle 
between the rotor reference axis and axis of 
no feathering, positive for axis of 
no feathering, aft 


rad 1 ans 


6 


Mean b lade ^)rof i 1 e drag coefficient 


n *d • 




1 nstantaneous rotor blade pitch angle 


rad ians 


A. 


Inflow ratio, a = Vslna-v 

fiR 


n 0 d 0 


P 


Tip speed ratio, p, = — 


n 0 d 0 


P 


Mass density of the air 


s i ugs/ft^ 


a 


Rotor solidity 0 = _i_ 

ttR 


n«d. 


Q 


Rotor angular velocity 


r Jd/sec 



To indicate that rotor speed is a variable In accordance with torque 



equilibrium derivatives so taken are designated with 



|Q=0* 



Der i vat i ves 



taken with rotor speed specifically held constant will oe designated 

with 

0 



uUMM RY 



In an a ! tempt to qu ji t i tat I vc I y exjmi e the effut of var ie 
rotor speed on the lonjltudlml statu st y I I I ty of an auTcrott] ] 
rotor, express Ions have been developed for the chan jes i rotor force . 
under a condition of maintenance of constant zero tc rquc . Force aid 
moment derivatives were then calculated for a small autogyro rotor under 
two I i m i i j ng conditions, |«e. for rotor speed assumed cor t >nt through- 
out velocity and attitude pertur oat Ions and for roior speed v.iryi g I > 
such a way that equilibrium torque is mint) I nod throughout the 
perturbations* Comparison of the two condlriors showed that allowing 
re tor r .p.m, to vary caused the velocity stability. My, to go from a 
strong staMe condition at constant r.p®m* to a neutrally stable 
condition. The effect on angle of attack sta* ility was to cau >e ar, 
unstable condition at constant r*p.m* to become stable® 

Static stability derivatives were calculated for a small auto- 
gyro under the variable rotor speed conditions and steady stjte fll ght 
tests were corducted to attempt to verify these derivatives from trim 
curves « A I thou jh the flight tests tended to confirm the results, they 
were felt to be inconclusive In thut they could o: ly verify ratios of 
the derivatives* Using the const ml coefficienr of the character i st I c 
or M frequency" equation as a men ure of st it lc st a. ility the iircroft 
was determined to be statically studio. Further, the Virintion of 
rotor speed Improved the static stability although It did reduce the 



ve loc i ty staul I I ty . 



1+ was further concluded that the static stability of 
the aircraft was independent of horizontal c.J. position y, I Of g 
os the range of c.g. movement was confined to control limits., 



f. HJVCSTIO-TiON OF HIE LONG I TUE I fJ.\ L ST*T\ C GTnLUUTY 

OF /• il /AUTOGYRO 



i . mm auction 

it has been slated and is generally known that t ho articui-ited, 

I i f ! i ng he I i copt* r rotor in forward f I i jl t is stitlcaily stable wjtii 
respect to velocity changes and is sMtjcHly unstable with re peel to 
change of angle of attack* This statement inplles the cljssicai rigid 
rotor with no artificial type of stabilisation device and further assume 
that the rotaflond speed of the rotor is constant,, 

Gossow and Mye rs (Ref. I) state th it the lutorotdtlnj rotor has 
different star I I I ty c h irectc r i _,t i cs thin the powered rotcr* The primary 
reason for Ihls difference is the fact thvf the rotor speed of the 
autor ot ri i n j rotor is r »ot controlled Ly the engine, but is free to vary 
with th:njc in forward speed or angle of attick. Hohenemser (Refo 2) 
states 1 hat 1 he of feet of these vjt I tiors In rotor speed is to rru-ke the 
autorot el* i j roicr neutrally stable with changes i r speed at constant 
angle of attick and positively staule with change In angle of attack 
at constant speed. 

It i , there fore, the objective of this paper to derive 
expressions for 1 he Ion . It.idinjl static sta iliiy of the au+orotat I rug 
rotor in far ward flijht, to examine the effect of allowing the rotor 



2o 

' peed to v ir y, nJ to tt ?nr p t to v rify t c re nit, quo I f t .t I ve I y. 

If no I quant i 1 it i ve I y } y simple equ I I i ‘ r i un f 1 1 jht t^jt I ng cf i 
sn I I ; cnc-pun jutcqyro. Sea FI jure U 

Thrcujhout the analysis stability derivative:, will kept- 
in ci dimensional form to retain the physical concept:; and the phy_>| 
quantities of the test aircraft, as listed in Appendix \ } will 
be used. 



3c 



II. uNA LY I. 

In the stability analysis of ary vehicle, it Is fir >t necessary 
to establish a system of coordinates to describe the notions of rhe 
vehicle. Since actual flight testing Is involved in this analysis, 
it is felt that the "stability-axis' 1 system wkru the origin of coor- 
dinates is placed at the c.g. of the aircraft a d the po i t i ve X jxi j 
fixed in the alrcraf: and initially oriented into the relative wind Is 
best suited. Figure *2 shows the axis system and various quantities 
relative to it. 

How to accurately descrl e the motion of the vehicle depends 
upon the number of degrees of freedom it has ard how si ros ily each 
degree affects the motions 0 As it Is our purpose to examine the longi- 
tudinal static stability and to determine the effect of 1 he rotor's 
rotational degree of freedom upon It, certain simplifying assumptions 
are necessary to avoid making the calculations so complex th it an engl eer 
ing analysis becomes Impractical It Is first assumed th^t the longitudia 
and lateral motions of the aircraft are loosely coupled, so that the 
longitudinal motions may be effectively described by the classic three 
degree of freedom equations, i.e 0 X Force, Z Force, and Pitching Moment. 
The rotor itself has six degrees of freedom, I.e. coning, literal and 
longitudinal flapping and steady, longitudinal, and lateral twisting, 
plus the freedom of rotational speed. Under the assumption of i rigid 
rotor, which is usually valid for stability analysis, and writing the 
rotor statics in terms of fuselage varia* les, the rotor degrees of 



freedom may be reduced to the variation of rotor speed 



4 . 



Further, since te uly tile f i i jht ‘i os I 1u hr.i^ues re not 
o.’npl t(iy u i t ) I e fc r he r -te deri^.tlvo , r jto uni accelu >tior 
term, will ie orittet from the equation., < f notion. 



/. Fei a' equation 

j umm i >g forces along the Z axis (sec Figure ) mJ egtecting 
jny fu el age I iff as small compared to I he rotor forces gives 

EF = ..'cosy - Tcosa + Hsina (I) 

For small angles, 1 he cosine nay oe t iken as eq m I to j ity 0 Neglecting 
H i not as i ho prodmt of .mall qu .11 title , the Z force eqn tion reduces 
to 

ZF, = W-T (2) 

/ 

Tak i ng i nc remer fu I s 



EF 7 + -f ; - t7“(T+ T) 



(3) 



uul i r- jc f i n j equation ( 2 ) from ( ) 

E LF-, » -AT (4) 

I n 1 or ms cf he t otor 



: T 





+ Af) + r — .1. 

c« j I 






+ -2 n + — AQ 

*- 59 



(5) 



Ji he ap proximal Ion in nude th -t Ihe rotor i^ re tr ained io neve [n 
1 he pi me of symmetry In dc terni n it ion of rotor thrust and tfut the 



jT 

derivative ,- d | is no.liglnly jmj I I Di iu Siggeted in R. f. , tucr 
f jt a f i xocJ I i Jo p i 1 l h 

£T = — AV +— (\z. + AO + — Afi (b) 

'V JO. 1 '30 

dT 

IncljJcd in equation (6) Is the tern ^qAP implying the ir je of roror 

speed as an independent variable. Examination of .he torque oqu lion fur 
an au to rot >t i n j rotor 

birotor £ + Qaerodynam i c = 0 (?) 



shows that for steady state conditions the aerodynamic torque mu t equal 
zero. If the assumption is made that the Inertia of the rotor is negligible 
then the speed variafion of the roror is dependent on torque equ I I i Sr i um e 
This assumption allows us io make rotor speed a dependent variable and 



eliminate the torque equation from the equations of mot|on 0 Further 



defining the rotor force derlvalives in a special way such that 



5T 

3a 



Q=0 



means the rate of change of rotor thrust with angle of attack while 
forward velocity is held oconstant ut rotor speed is allowed to vary 
]n accordance with torque equilibrium, then equation (0) may ae written 



AV + — (Aai + A6) (G) 

grr 1 

Q=0 Q= 0 

and the summation of force changes in the 2 direction for equilibrium 
f I i jht i s 




» 



^z 

EAF Z - ~ 



( 9 ) 



3Z 

V + TT ( Aa. + A6) 
Q=C ' Q= 0 1 



whore 





(9 ) 



5/ 

3a 



Q=0 Q=0 



il 

3" 



Pitch in Homer i Equation 

Again referr i ng to Fig* 2, the moment , a;, cut the alnrift cog* 
may I e written as follows 



Since ; he rolor or, the alrcraf, uein; Investigated is a see-^aw type 
the mcmenl due to flapping hinge ecceriirici + y, M c , is zero. Th I ^ mor.iei;t 
ca otherwise often Le neglected if the flapping hinge offset is smJI. 
Further assuming small angles and neglecting H6 as the proJu-t of 
sna I I quar titles 




-M C g = xT - z (T5 + H) + M f 



P 



(II) 



Taking i uc rone' i ' j I s 




g = SIT - Z (JT.+ifT + JO + jq f 



P 



( 15 ) 



7 



Su 4 1 it j t i n ) into equation ( I 3) 

ATl 






*T 

V 



:v + 



v=0~ dajo=o 



(Ac. i + A6) 



_M 



}| = 



f r 



jH 

dV 

M f 



V 



AV + -H (AK. + A6) 

Q=0 3a|Q=o 

oMf 

P P 

- v + Aa, 



da 



yields the following 

ST 

E,'M cg - (5 - 



9T 

-z6 — 

Q=0 dV 



oH, M f 

- 2 + E. ) A V 



Q=0 oV Q=0 dV 



ST j ST 

+ <* — i -z6 — 

5a jQ=0 da 



-z 



Q=0 



dH 

da 



OMf 

Q=0 5o | 



+ ) Aa , 



+ (x 



dj 

da 



_ 

-z6 — 

Q=* 0 l ^ a 



Q=0 



-Z — — 

da 



-zT) Ao 



Q=0 



Considering equation (14) 

Q=0 






where 



dM 

dV 



Q=0 



dM 

da 



Q=0 



dM 



dV 

dM 

dV 



dM 


Aa. 




A6 






da 


Q = o 1 


do 


Q=0 










dMf 

+ 1 








Q=o J 


rotor 


sv 












_0Tj 


| 


.OT 


-dll 


Q=0 


rotor 


" X dV 


-z f 

Q=0 


■V 


Q=o" * V 



Q=0 



/ dM 



\ 



oa 

dM 

da 



Q=0 j rotor 



dMf 

+ — e. 

da, 



0=0 rotor 

I 



- x il 

da 



$-0 



-,0T 

-zO— 

da 



Q=0 



_-2ii 

" Z da 



( ) 

(Ido) 

( I Al ) 

(14) 

(1^) 

(hi) 

( I ub) 

( I Pc) 



( I od) 



!Q=0 



M 



\ 

) 

0=0 I 
' / 



2T 



(I O 



ok 



Em i cJ tl OP., f W t ion 

The previously devo I op.- d equations of motion f. r tc.idy t.ko 
fli ,ht conditions can tow Me written 



BZ 



•V 



'v* = 0 



V + ^[ 

dt 





= 0 



( lu .) 



V 0=0 



V 



M ! 



uG i 



-- |Q=o 





= o 



do!) 



And i. Is possible to make a qualitative check on the derivatives .y 
comparing .he slope of the trim curves taken from steady state flight 
test to the predicted slopes,, since i hey may row ho predicted from 
equal ions 16. 



L _^My _ ZyM~, 



ZyM;-Z a My 

V M a-M6> 



( 1 7.i) 



(170 



A chock on the rotor thrust dor ] vjt Ives may also bo made by noting 
from equation (16a) (since 6a = Aaj 4 - y) 



y 

AV 




(17c) 



Further, the effect of variation of rotor speed on each particulsr 
derivative is available by compu f i n g each one sepiritely under the 



assumption of constant rotor speed, lotting the rotor speed 



rY' 

derivatives - — 
aV 



Y_ 

■a 



= 0, jnd drop Ihose term . 



Evjlu^tion of 'he Derivatives 

From the definition of the rotor thrust coefficient 



T = uttR 2 (P.R) 2 Cj 



(Id) 



2 2 

where C is the trim value. Letting K| = n~R (PR) , theri 
* * 

— = k.-^T 

oV 1 -V 

= K bCj 
3a * 3o. 



I „ ; ^ £ l | 

•'•J 



s: **1 |!Q + 



(19a) 



( 19b) 



(19c) 



Including 0 as an Independent variable reqjlres the addition of the torque 
equation to the equations of motion. As we have already seer, however, 

I 

neglecting the inc-rtla of ^he rotor allows us to make D a dependent 
variable, and tire rotor thrust derivatives could be expressed as 



AT 

3V 

ST 

r* -y 



o 

II 

o 

II 


r 

3Cj 3f. 




C T 


*j\ 


^ AV + 3V 


Q=0 


a:. 


Q J 


11 

o 

11 

o 








1 — 

O 1 
CM I 


oa 


9=0 


i oQ 


: — 

- . 



(70.) 



( ? 0 ) 



Evaluation of the thrust coefficient derlv tlves may be made from I ide 
element theory, where the thrust coefficient is given by 



2Cy ^ B 3 Bp 2 . , G 2 

— L = e — + + A — + 



a c 



i 3 



(21) 



t 



f 



10. 



For j constant blade pitch angle the thr t coefficient is ) fund Ion 
of the variables p and X 



Cy = CyCp^X) 

J* 

If the usual assumption for the average Induced velocity of a lightly 
loaded rotor in forward flight is taken from momentum theory as 



T 

v = 

2pTTR 2 V' 



(22) 



where V 1 is the resultant velocity at the rotor di^k, then the inflow 
ratio, X, may be expressed as 



X 



ptana ~ 




Since by definition the tip speed ratio, p, Is given by 



(23) 



M- 



Vcos 

PR 



(24) 



it then follows that the thrust coefficient could be expressed as a 
function of the variables V, a, and 0. 



Cj = Cy(V ,a,fi) (2 j ) 

The thrust coefficient derivatives may then ue evaluited following thc- 

chaln rule for partial differentiation 

dCy _ SCjdp oCy 3X 
oV 'p dV Sa 3V 



t 



'Cy cV 



' C T 



V rr i 






5V 




V 



Cy SCy Cy 




Note that due to the re! it lor retweer inflow ruio j thru t 
coeffi.ie't throe jh thn momentum theory, Mo I .-flow ratio dor i y >t | ves 
ore j little complicated and have a ch r ic er somewhat mor- line total 
dor i v it I ves 



ax 

v 



H. 

V 



de 



lit a net 



a. p, 

ar. n 



oCy 



t Jf Ci- — 

2 




+ 

2(lx 2 +» 2 )'^ 2 


I . 


ac T 

5|JL 


liCy 


I + 

2 


Vlx^+X^ 


2 (lx 2 4X. 2 ) 3/2 


rnt ^ *4- 


:- c t 

np, 


LiCy 


2 




2(Li2+/,2)3/2 


1 4- 


-C T 

r-A 


C T 


I i 

2 


X 2 +x 2 


2 (p^+X 2 ) - Z 2 


•h - n '"r — 


ac T 


LiCy 


1 e. 1 1 X 

2 


.,C 2 + , 2 


+ Z< w 2^2)3/2 






|iCy 


l + 

2 


4t 2 -K- 2 


2< 1 AX 2 > J '' 2 



L 



12 . 



Some simplification is po-si |c in the inflow r^tlo feriv*+jv 
y neglecting X ^ compared to at tip speed r tlo? a‘ove : c. f 0. I > 
an j approximating the inflow ratio as 

C T 

A = PLC - — 

2n 

Slrce muc 1 ! of the range of flight be i g Investigated was below jjl = 0 o I * 9 
this simplification was riot used in 1 he included caliul ;tior,s* 

Evaluation of the rotor r peed deriv t|vc*s must evolve from the 
torque relation, since it Is the chmge of rolor speed in accord with 

torque equilibrium that Is desired. From Bailey’s aerodynamic torque re- 
lations (Ref. 4) the uerodynum i c torque m^y e expressed us a faction of 
the tip speed ral io and inflow rutioo For a fixed Hide pitch angle 
then : 

C Q = 

See Appendix I! for complete torque reljtlorij. I nc e the only torq je 
acting on the autorotut I ng rotor it equlll rium la aerodyn mi i c Tor -ue 
it fo I lows that 

Cq = 0 

and the inflow ratio may be determined ! r. forms of the tip speeJ rutioo 
This has been computed for the rotor being investigated uni i j p lofted 
on Figure 3. 

From the definitions of the tip speed ratio and inflow r.tio the 
aerodynamic torque coefficient may re expressed as u function of the 
vuriables V, a, and Q* 



It follows that 



i:. 



3C- ; fiCg BCg 

ACj = - \i AV + t Act + - afi 
A oV da dn 



Having neglected the inert id of the rotoi us hvi: j regligi.il' eff>-ci 
on rotoi speed perturuat ions, the equilibrium orque n.Ujf be imlntii c-d. 
Then 

ACq - 0 



so i hat 




SCq 

3V~~ 

dC 0 

dr 



da 



SCq 

OC 

dC^ 

dQ~ 



I 



These particular derivatives may be evaluated oy direct differenti tion; 
they have been so performed for the rotor being investigated, and are 
plotted on Figures 4 and 5 as functions of the tip speed r )1 lo, p. 

Substituting equations (27) and (2a) back Into (20) determines the 
rotor thrust derivatives under the varying rotor speed conditions. These 
derivatives, along with thrust derivatives computed on the assumption of 
constant rotor - speed, have been computed for the rotor being investigated 
and are plotted on Figures 6 and 7. 

Since the trim values of the inflow ratio X can te calculated 
from the aerodynamic torque relation in terms of the tip speed ratio p, 
as is shown in Appendix II and plotted on Figure 3, the trim thrust 
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coef f i r i ett r , Cp i dei « rmi n- j f cri I . I or.c t theory, qu tier, (. |) 0 

This has been Jc e rd the 'trim hru t c t f i let. I. plct't J a j : f t - 

io* of the tip peed ratio o . Fi un Co For . jiven r jro > > weight thru, 
the trim rcior sp ed may e obi i red from ( q j tio (I K Th tri i 

v j I jo of i he at 1 !• cf mi mk < f the- pi .no , f r:o f- ^th* r\ j i ^ dolor- 

mined from equation (23), and rim forw.rd sp^-ed is del erm i ..ee from The 
definition of tf e tip peed rjfio, nqu n i o r (24). 

Evaljjtion of the moment d ri/Mlve^, equation (I ), require 
a knowledge af the I! force d^rivitive , trim , octroi mg)p f, and 
fuselage and pow- r con tri » ut ions io steal lily, J«1f , . ^ well m th 
rotor thrjst deri/.tive The rolor H force cooffi lor t o jivot' :y 
Gessaw and Myers (.of. I) for Hie H force in h? pi of no f-ath ri j 
is 

— 2 o 

22 = i2+?_2-.22 + 3 ~ J + 31 _ ! ° 1 +32 (2 } 

a a 2a 3 2 4 4 o 4 



jlnce the fMppI^j inglen relative to the p I me of io fectherl: -} jm e 
expressed as fjictiors of the tip peed r tio urj inflow rjtlo (the coni ,g 
<ag|e fur' the see- aw rotor, G , is l uilt 1 n r ; constant) th* y rmy >e 
substituted i r to the H force coefficient oqu tlon ind i 1 m y je 
completely expressed as a function of u and >. . 
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1 1 ,v i u 1 j i ned » j a f u + ior of p, f rom fur i q j I 1 I , r 1 urn, 1 lit 

trim II force conffi i > 'n i , then fore determine.:, i: J hi, o: . plctte 
i n FI jure 8„ Flutter, knowlt j the trim r tor peed determine 1 the H 
force itself from the dt-f Initio, of t h. • H force cotffl lent 
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( 50) 



The H force has been calculated for the rotor under ! r vest i 'jot lor jr. J 
is plotted on FI jure 9 as a fund Ion of tip speed r.tlo u* 

From the definition of the H force coeffF ient, equation ( 60 ) , 
the H force derivatives may be obtained In a similar rn inner to thit 
used for the thrust force coefficients. 
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Ji = K + Bi 

:)Q 1 dp O 

L 
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EvdluJtior. of the H force derlvotlves under conditloris of variable rotor 
speed 3 I so follows si mi I rly: 
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dV 
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Since the H force coefficient can he expressed completely In terms 
of the tip speed ratio }ji and inflow ratio K by substitution of the 
flapping angle relations, equal Ions (29), into equation (26), it 
fo I lows that : 



The H force coefficient derive jvcs may >c evaluated ty d i f fer -fit i al i or. 



|n a manner similar to that used to obtain the thrust force coefficient 
der i vat i ves. 

The rotor H force derivatives have neen calculated for oth 
constant r.p 0 m. and variable r 0 p*m. as injicated a ; ove, and are 
presented on Figures 10 and llo 

To find the trim control angle 6 it is necessary to solve 
the moment equation, equation (II), for trim conditions 



which necessitates an estimation of the moment about the c*g° due to 



that the fuselage itself will have little aerodynamic moment, if my 0 
It does, however, have a small, flat plate horizontal tail surface 
which may offer an appreciable moment at higher angles of attjeko The 
tail contribution to trim moments would be 



Power effects are difficult to estimate accurately. A small amount Is 
contributed due to direct propeller thrust as the thrust axis Is offset 



C H = C H (V,~,m 



(33) 



£M rt , = xT-z (T6+H) + Mf = 0 

c y * p 



(34) 




M-j- = x-).S-|.a|afq 



(3p) 



a small distance from the c.g 
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m propeller norru i f\ i t- will i t win rj t ho thru st axis (pirallel to 
the fuse I dye referent* |j se) operates at on a kjIo of jttacko Followinj 
t h 3 method cf Ri n r ( Re * f • j) a pi pel lor norma) force ; ased on propeller 
thrust coffuiert 3rd prep* I ler geometry hue f eer estimatin'. The moment 
due to propeller norma I force Cc^n then be expressed js 




Since the total plrchRg momef t due to fusel je an J power effects is 
now ava i |a; |e, 

M f *Mi+Mr + Mm (5c) 

P P P 

an J riot i r j that 

”t » ~f = 2p = "]R (39) 



the 
i ntc 



trim control angle 6 m^y now be obtained , y suasTitjtii j 
(34) and -ear r art ji ng 0 



9Np 

xT-zH+x + > r i + q(— i R )+z p T p +xp— (i-Ir) 

rs i ns 

zT +x T _>^-d^.q+Xp h_ 



equ at Ion 



(40) 



(38) 



Nolo that t he* power moments require an estimation of the thrusting 
propeller for ce, which may no ottained t.y solving the horizon! ■ I trim 



force equation: 
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vp = T p ,o'>a p -T ii.a-II.c in' =0 (4|) 

is c urr.i > ( sm 3 II .»• g I os 

T p = T a + H + D f + W v (42) 

Estimation of tie corin', utlon cf fusel ago and power effects to the 

static srillllt/ of the air. rjft, .Me , will probably Introduce as great 

P 

an error as arty other approx irnat lor . As was inulcited In the analysis for 
the trim cor rol angle, 6, the fuselage is assumed to h >ve a riegligi le 
moment cf i self. No known thoc ry is av.ilible to preoict a moment for 
Ihis frtme-like structure and without wind tunnel dot., It car, only be 
assumed small. T'il contri utiori to sta' Ility can be estimated from 
equat io r ( 3 ) : 



?M t 

~v~ 


= x-j-3| j^cg-oV 


(43a) 


eM f 


= x t^t a tq 


(43b) 



aO. 

^Irice the moment rm of Ihe thrust axis is quite small and no 
simple theory exists for estimation of rhe engine thrust cha- ges with 
velocity far constant pitch propellers, the direct propeller thrust 
contribution Is also neglected. The propeller normal force contribution 
to stability is taken from equation. (37): 

cM N p 9N p 

>a = Xp ~ 



The rail and propeller normal force contribution, to A* ility h ve 
:>eun cdlojl : Ted as indicated above and jtg presented on Fi^ur rj 12. 

With e c timites of the rotor force derivallve , trim control 
angle, and fuselage and power cor.t r i bet ions available, equations (i>) 
may now be solved for the moment derivatives*, The d*rlvjtlves h <ve bee n 
obtained for i he rotor alone for octh constarit rotor -peed and vari ihle 
rotor speed conJiilors In accordance with torque equilibrium rid are 
presented on Figures 13 and 14, Further, the aircraft derivative, have 
been calculated by Including the fuselage and power effects and are 
preserved on Figures 15, |6, and 17* 
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III. EQUIPMENT AltD PROCEDURE 
A i rcraf t 

The aircraft used to obtain trim d ita for thi > anuly,!^ was a 
sma I I , one-man autogyro known as a Bensen B-8M "Gyrocopter*" See 
Figure l« The aircraft, built and flown by the author, Is powere J ty 
a 72 iP McCulloch air cooled, four cylinder, two cycle engine driving 
a fixed pitch Banks and Maxwell pusher propel ler* The rotor I a see-sow 
or "teetering" rotor with a diameter of 20 feet ard a constat . lade 
chord of 6-3/4 inches. The blades are uniwisted, have a fixed lade 
pitch angle of li degrees, and a built-in coning angle of 4 degree^. 
Control is affecled through ari overhead control stick cor nected directly 
to the rotor shaft by two bearings. The roior shaft i . free to rotate 
10 degrees laterally and longitudinally about the main thru t rearing I: 
the control head (rotor reference axis)* A convent ion j I verljcal fin 
and rudder Is Immersed in i he propeller slipstream at the tall to con- 
trol sideslipo A small, fixed, flit p|jfe horizontal tail surface i . 
mounded directly under the engine at d functions both as stiuilizinj 
surface and propeller shield when taxiing. The aircraft weighs 
225 pounds empty and 4C0 pounds at norma) gross weight* 

1 nstrumentat Ion 

Airspeed and Altitude 

A standard helicopter airspeed indicator and sor'iti'/e a Hi meter 
were used to determine airspeed and altitude. The isstrumet; wire 
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driven y a swivelling st .t I c pros >ure prc.o and 3 hloldod toi >1 I Odd 
pick-up, both mour.Tod on a small toon on the forward portion of the 
aircraft. The airspeed system was calibrated oy the stand speed 
course method and the calibration curve j _> presorted on Fljcre id. 

Rotoi Speed 

Rotor speed was obtained by driving a Jervo-Tck Products 
linear t achome 1 er-gener jtor with a shorty flexible ,hafr directly from 
the rotor shaft and was displayed on a shunted ml cro-ammot^r mour ted or: 
the instrument pmel. The system was cali rated uy drivjnj the t cho- 
metei — generator with a variable speed drill motor and measuring r.p.m. 
with a stroLoscope. The mi cro-amneter was then biased so that it re 3d 
rotor r c p«n« directly. The accuracy of the system was whhin the ability 
of the pilot to read the ammeter, which is felt to be + 2 rop.m. Rotor 
r.p.m. was used only as a check on the predicted thrust coefficient- . 

Control Angle 

Control angle, correspond i i j to stick position, was measured by 
mounting a 7a0 ohm potent iometer on the mast ju.jt below the rotor control 
head. A waxed nylon line wrapped several t jrns around a pulley o* the 
potentiometer shaft had one end connected to the aircraft frame throu jh 
a tension spring and the other end connected to a short, rigid arm mour ted 
on the movable rotor head. The tension provided by the spring allowed 
the wiper of the potentiometer to follow the longitudinal movement of the 
rotor shaflo The potent Iometer was driven !y two 1.34 volt mercury 
batteries and the output was displayed on a mi cro- immetor mounted on 
the instrument panel. The system was calibrated by measuring control 
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ingle with • pr p- I ler pn*tr ur .»n J I in iiv mill n*r with ) 

>0,000 chm pot liomL hr in scrips w I < I }'. Tho anncdvr wn so 
• j|i r lied tc re jJ corlrol mje i i r . I y in ]o reo , < nj the kcjt / 
af 1 he system was wirhln the pilet J s j; ili.y to re id tho ammeter, 

w icS h fe I . to ie appr ox im :te ly + C. I iegreo® 

Fu el i^e Any! * of Att u.k 

Angle of aviack of the fusohye reference line ( oo Figure 2) 
was measured by a sm H I , balanced balsa wood vane mourtod on *1 he forward 
extremity of the aircraft. The vur.e was neu tied on a lerizout.l shift 
rotating j , all bearings and a pointer' connected to the shift read 
fuselage jnyle of ittuck on a Seale or the vane frame. The sy. tern was 

cal! rated with a propeller protractc r, jnd Its accuracy K felt to *e 

within + 0..) degree 

ross Weight anJ Ceiher of gravity Dotermi nat Ion 

Tre jross weijht and center of jravlty (c.g.) of the aircraft 
was oltaisod u/ throe different methods as a cross che k 0 First, they 
were ohtujred by computirg the wei jht and oa I ance of the j rious 
componei ,ts H Secondly, i'he aircraft was weighed In various configura- 
tions wit H the fusel aje reference li no horizontal iy throe platform 
scales placed under the landing gear. T Is method j jvg gross weight 
an J horizontal c*g. posh ion or I y . Thirdly, tho aircr-ff was hung 
from an overhead l earn by dynamometer an i cable attached to the rotor 
shaft* For various cor.fi .urstlons .he anjle of inclination of the 
fuselage reference line and weight were determined® Knowing tho In- 
clination of ihe rotor heaj, a cher k could ;e obtained on both vert j ca I 



r h ri ao r , 1 1 c c . p< s h h n „ The c „ j a I oc it 1 . n o. li nr d i f I 

tc> 'O ac i r ri\; to within + 0. ' j inch ir 1 h ^ hoi I 'cn . I , i r licr ire 
+ C«a0 Ik. in the vorM^dl Jirectio r . The . poJMon (for hu 
gross we i hi* testeo) relative to I he rotor held in II >te i in A-pponJx I® 

!t may ne well to note that since the aircraft i . relatively II jhl y 
c« j. posiiicn c mi no affected by how the pilol slt> in the neat. Our In 
flight test in j every effort was made to mointii the c.q* po It ion 35 
delermined above arid ^ross weight is felt to he a^curjte lo *i.hin 
+ 3 pour Js . 

\ 

Rotor Blade beet ion Char acter i st i v_s 

To accurately determine the section jerodynarni c prc peri ion of 1 he 
rote r lade a 12 irch section of the blade was re ted in Idle J imo , 
Forrestal Research Center twu-d Ime: s ion 2 1 wind tunnel® The rose I s of 
the wind tnrnel test are plotted or. Fiji re 19. The section dr ig ooffi- 
clent was corrected for Reynolds number effects to the aver a je operating 
conditions at 1 he 0®7sR a d expressed as a quadratic in ,cviicn i.gie of 
attick® ,ectjon i i ft curve slope, drj ] coef f i e i ent , and 1 1 Je plt^n 
angle thus 01 t j i ied are tabulated In Appendix l« 

Proced ire 

The flight testing proceiure followed yas imply to e ,1 1 I I .jU 
steady-slate level flight condl ; Ions at five knot Intervals from 30 to 

b0 knots indicated forward speedy a r J recor'd indicated speedy rotor r»pcr"io ; 

% 

control agio and fusel j^e an*le of attack® Since ail tost i n 5 was dene 
at altitudes of from 200 to 300 feet M >L, no temperature was measured i 
flight and density corrections were applied using coVre^ted ■ urf jcc 
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temperature® The cci>trol angle versa a voice i y curve i t i: > o: t linen 
is plol+ed on Fijuro 20, the roi'c-r reference agio of jit'ek v*>rsu . 
velocity on FI jure 21, and angle of attack of the r,o foal her inj pi .no 
versus velocity on FI ,ure 22. The experimental thr.isl coefficient 
versus tip speed ritio oufalned Is ploited on Fi jui e d ter comp .ri or 
witli theoretical. Each point plotted represents an aver >je of of leayf 
two readings. 
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IV. Rli ;ULT > \ND b I CU i ION 

Tho rotor for e and momer t deriva ives hive eor emulated 
urtjcr assumed cendj liens of consfjnt rotor spaced jnd vjri iblc rotor 
speed In accord ante wi.h terque equjli rium, ar d are prose nled in 
Figures c, 1 } 1C, II, 15 ard 14. The conditions of cor, ,t mt rotor 
speed and varijele rotor speed in accordance with 'lorque equilibrium 
are fell to uo limjljng condi i Ions ft r autorotative rotor operitiono 
The assumption of con^t i t rofer peej ecu I j be i< ierpreted to mean 
that the ineri j i of the rolor is very I rje (ilthoujh it is usually 
justified by ass.oj j thit rotor peed cha qes are nooliji iy smj||); 
var I j le rote r speed was obtained throu jh the assumption of negligible 
ir.ertiio C, viu^ ly tne real rotor has some inertia a d its operation 
will lie somewhere between the two cases. For slow per fur. lions the 
rotor should iet.d to act more liku the negligible Inertia case; for 
rapid changes inertia will tend to maintain a constant rotor speed o 
The question r , j f a 1 I y arises then js to now rapidly the roror acce I orates* 

Nikolsky indicates i work with a helicopter rotor of simjl,r solidity in 

autoroi at io« (R<f. •) thit the ro*lor reaches Its peak acceh r jt ion in 

about 2i seconds Using this fl jure only as an order of naj it j de ^ it 

may be cc Deluded that tor Ion j period dynamics the assumption of 
negligible ireriia for the autorot it In j rotor is vj|!d. 

In the longit id i na I pla^e static stalility is usually iefined 
as the roster in j moment in relation to a ch mge in forward linear 
velocity at constant angle of attsck and in relation to a change in 
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angle of iti ick a'i conduit volocliy. A :onp rl .cn f t h* /dodly 
dan i I ifv ; My, (Figure 13) ''hows that t ho i nort I Me j rotor I s ipproxf- 
mately neutrally stable wM le the constant speed rotor is quite. 1 /I k la* 

A comparison of the angle of attack stability; NU (Figure |4), show, 
that the autoro avlnj rotor becomes stronjly stable duo to rotor speed 
changes while the constant speed rotor Is unstable. The st it U sMLillty 
derivatives of 1 he autorotatlng rotor of low Inertia then beh we more 
like a fixed wing than a helicopter rotoro 

To qua I 1 1 it i ve I y explain how the rote r speed vsridlon affects 
the static stability consider a rotor I n trim forward flight. An In- 
crease In forward velocity with constant angle of attack will c use j 
small increase In the rotor resultant force* Further; the Increase In 
velocity will increase the longitudinal flapping angle causing a no^e ;p 
or positive moment from trim If the rotor speed Is corut into The rofatloral 
speed of the autorotatlng rotor Increases with velocity; however; wl Ich 
causes the longitudinal flapplig angle to decrease; rcjuttl: J In a rose 
down or negative moment. When the rotor speed variation with forwar J 
speed occurs so that the equilibrium torque Is mint aired the net re.ult 
is <o variation i n longitudinal flapping angle, and no mornenl is produced 
except due to 1 he small increase in rotor resultant force* The auto- 
rotating rotor is therefere approximately neutrally sta> le with reaped 
to speed. This fact could have been deduced by examining the aero- 
dynamic torque relation. Since the torque can no expressed bs a 
fuention of }jl and A; It could fur ther be expressed as a fund Ion of 
[X and a by appropriate substitution from momentum and d ide el erne?. t 
theory for \ and Cj. Since by assumption the equilibrium torque I 
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mairlji nod, It then follows that the tip speed ratio i .» ;cn,tart for 
peri ur dj I ions ai constant angle of attick. And since * L ho longitudinal 
flapping angle can also he completely expressed as a furcllo' of p, jud 
a y i he same suns f I tut ions, it too must remain constanl for pertur a- 
tiois at constant jngle of attack,, The method for quasi Itnt I vely 
predicting the velocity stability of the autogyro developed in the 
analysis sectior did not yield Identically neutral velocity stability. 
Since all the momerts acting are aerodynamic (power effects have Leer, 
neglected in velocity perturbat ions) then all the changes in moment ut 
constant angle of attack are functions of velocity and the net resu I t 
should have been identically neutral velocity sta>Illty* It is felt that 
the assumption of negligible fuselage moment and an overesi i mat ton of the 
tail contributor accounted for this apparent error,, 

To see the effect of variation of rotor speed on angle of attack 
stability consider again the rotor in trim forward f I i ght o Increasing 
angle of attack and maintaining constant forward velocity will cause an 
increase in the rotor resultant force. The longitudinal flapping angle 
will also increase (for constant r 0 p 0 m 0 ) tending to produce a further 
nose up or unstable moment. However, the Increase in a ogle of attack 
will cause the autorotitlng rotor to Increase rotor speed, resulting In 
a decrease in the longitudinal flapping angle and a further increase in 
resultant force* The net result for the autorotating rotor is to produce 
a nose down or stjble moment due to the strong tendency for rotor speed 
to increase with angle of attack,, 

If the coefficienT of the constart term of the characteristic or 
"frequercv" equation is used as a measure of static sta. ility (i necessary 
Ujy not suffi< ient condition for dynamic stability): 



E = Wcos\( 'yM-,~.. a My ) • 0 for r. il'ic sfj Ility 
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It Is observed . hat rhe aircraft' i s rhit i ca I I y st j ie for the a.sunej 
conditions of both constant and variable rotor '>peed. As ,hown or 
F i jure 2 3 the static stability of the a i r craft is impr oved . / v r i I 
rotor speed due to the improvement i r. rotor in ,|e of *1i*3 I, t i e I M . y . 

it can be shown that the static st li ility of the a ire rift i , 
Independent of horizontal c<>g. position provided tl.it tho . *j 0 irave I 
is limited to the ran je where adequate control i av^Hi loo 
Substituting equations (15a) and (15c) into the static ,ta. i I I fy, 
or E, term gives 

*M fp 'Mf p 

E = Wcosy r z (Z-Hy-ZyH^) + Zy ~v 

and is independent of x. This could he physically reasoned Ly not I ti.at 
the trim control argle 6 is a strong f. notion of the hcrizorral c. JO 
position throujfi the pitching moment equiii riun equjtiur, equation (40), 
and hence varyin ; her i zort a I c.j. position will v iry i he frim control 
angle, . ut the stat ic stai i I ity will not char ge. Varyin j the horizor t j I 
c B ]o posit ion wi I I , of course, af fee f 1 ho stu j i I I ty cunt r i » ut Ion s of 
fuselage and power by varying their moment arms ! ut this is a secor.dary 
effecto Static sta : ility can ie improved l y moving the c.j. verii colly 
but Is physically Impractical for any significant Improvonenl • 

Trim curves of control ar jlc, attitude angle , and angle of 

j 

artack cf the no-feather I ng pl^ne respectively versus forward velocjiy 
taken from f I i jht testing are presented on Figures 20, 21 3rd 22. A 
comparison of their measured and predicted slopes at various forward 
velocities is presented in Tible I below. 
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Table I 





V ft per sec 


60 


70 


80 


90 

i 


100 


' A" 


Pred 1 cted 


-0.000c 77 


-0.000G44 


; -0.000640 


-C.C00: 48 


-O.OCO'.4 j 


1 ^ 

[ 


FI i jht test | 


-0.0007OO 

| 


-0.000684 

f 


-0.000617 


-0.000484 


-0.0C0433 


j Aa 


i 

Pred i cted 


-0.0078 1 


-0.00301 


-0.00344 


-0.00248 


-0.0CI79 


1 AV 

i 


FI i ji t test 


-0.00833 


-0.00567 


-0.0033 i 


-0.00234 


-0.00142 


• ,\ rv 

4JV-* 


Pred i cted 


-0.00849 


-0.00365 


-0.00408 ! 


-0.00312 


-0.00244 


j AV 


; Fli ght test 


-0.0085 


-0.00645 


-0.00425 | 


1 -0.00267 


-0.00135 



Considering the rather unsophisticated type of Instrumentation 
used in flight testing and approximations necessary in the analysis, the 
correlation between predicted and measured data appears good* It i> 
much better at lower forward velocities th -n high, due probably to a 
weaker Influence of the unknown and neglected fuselage momcnlSo 

The perturbation equations of motion give us a relation between 
flight var iaoles, such as V, a, and 6, and the stability derivatives wh| h 
describe how the forces and moments act or: the aircraft and which we wiai 
to determine. Since each independent relation necessarily contains rrn y 
of the flight variables it is seldom possible to obtain an explich rela- 
tion for any one unknown stability derivative in terms of the fli jht 
variables. It is possible in wind tur.nel testing to hold all flight 
variables but one constant and measure the resultant change in forces 
or moments that act. Flight testing methods cannot hold all flight 
variables but one constant and measure the resulting cha ges because 
the aircraft cannot physically satisfy the equations of motion under 
these conditions. As a result steady state flight test methods usually 
attempt to hold as many flight variables as possl le constant and verify 



i ho sti.'ilily Jc i i v t i ves fhrou jh ratios of those v.rljr. le • Ti i ho 
oo’ do 'O in this analysis by writing the p» rtar ^at Ion eqinri ions in r 
simple a form as possible and still retaining the ;n if leant jorlvjtlvo 
The result is 1 he two cor tro I -f i xed steady-:t J+e pertur *a+ion equation* 

( I >o) and ( IGu) 

i\f A-V + : a A?,| + Z a A c = 0 

My 'V + M ,Aa, + M 5 A3 = 0 

All the major stability derivatives (with the exception of pitch 
damp i n } 9 a rate derivative) are contained in these two relations* By 
ellmiridljpj ary one of the flight variables between the two equations 
a relation is o'talned for the stability derivatives in terms of ratios 
of the two remalriiig flight variables* The ratios predicted In Taoie I 
were obtained from the above relations as 

^M v -Z y M a 

^ " W M 6> 

or 

An ( /yM?-Z^Mv 
A V Z a (M^-M 5 ) 

A further check ort the Z force derivatives is obtained from the Z force 
equation, noting that Aa = Aa.j + A5 



If wo haJ known one of the Z force derivjUvj* from :>me ir jepcde f 
source, su.h a^ a wind tunnel, th *n the other could o explicitly 
verified. A I thou. 'h steady— jt jte flight test techniques ha/e « h I I - 
advantage, their advantages of di .assoc urrhn with ph ise I pro: lorij 
and use of simplified i nsi runcntat Ion still nruke them jttrjctiv* in 
many case. . Often, by selecting proper test techniques, ii Is po.sit |o 
to cross plot data to evaluate derivatives not otherwise obtainable, 
as Is often done in fixed wing aircraft for the pitching momer t- in j le 
of attack stability derivative. 

The flight test plot of control angle-velocity curve (Figure 20) 
shows a gradual decrease In the negative slope with forward velocity. 

The predicted slope of this curve Is essentially consrart* It Is fell 
that the Influence of the fuselage momerls causes this decrease I 
slope ar fii J her velocities, and neglecting these moments h the an u lysis 
resulted In the inability to predict the change. The concept of 

t 

"stick-fixed" stability as used in fixed wing airplanes Implies a 
definite relation between stick position and forward speed; th it is, 
the stick position correspond i n g to a higher forward speed musT e 
farther forward to be regarded as stable. Although the corollary Is 
not necessarily warranted for rotury-w I nged aircraft, the autogyro 
tested Is stable by this criteria,, The fact that the slope decreases 
rather than Increases with velocity could indicate a possible instability 
at some hi jh forward speed. Hufton etoil., in an Investigation of a 
British direct-control autogyro ( Re f . 8) reported such a high speed 
Instability, iuf determined the cause as blide twist. 
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The al + it'jje angle-velocity and angle of attack of i he no- 
feathering plane-velocity curves also show belter correlation <it the 
lower forward speeds, hut a-) estimation of the accuracy of verifying 
the stability derivatives is difficult. in ail cases below 90 f.p.s® 
the predicted slopes were within 12# of the flight test curves, which 
themselves undoubtedly contain some measurement error* The ritio of 
Zy to Z a verified by the slope of the angle of att ack-ve ioc i ty curve 
would easily point up any significant errur in either one of the deriva- 
tives, t ut if the error existed in both derivatives by a constant factor, 
Ihen the error could go undetected® Significant discrepancies in the pre- 
dictions of the control angle-velocity or altitude angle-velocity ratios 
would be more difficulr to analyze*, Assuming the Zy/Z 0 rjtlo was verified, 
each ratio still contains the three moment derivatives® Due to the re I it I ve 
magnitudes of these three derivatives (My is very small compared to M a arid 
Mg) a large error or even a change in sign could exist in My and would *<e 
difficult to verify® In fact, assuming neutral velocity stability for the 
aircraft as previously discussed improves the correlation® Since the Mg 
derivative Is essentially the rotor M^r plus a constant term, the control 
angle and altitude angle curves essentially verify the pitching moment- 
angle of attack stability derivative, which, as pointed out, becomes 

increasingly difficult to predict at higher velocities® 

V 

In summary It is felt that the trim curves tend to verify the 
vertical force derivatives and angle of attack stability, and can point 
out possible unstable areas not predicted by analysis® Neutral velocity 
stability for the aircraft Is felt to be a reasonaoie approx! rnat Ion. 
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v. cone lu. i on: 

As a result of this analysis the followi. j vOnt luslor s are 
felt to De valid: 

I. The method developed In this analysis for predicting 
static stability derivatives is valid, hut is limited by 
fuselage effects. 

^ 2. The autorotatinj rotor is approximately neutrally stable 

with respect to velocity changes. 

3. The autorotating rotor Is statically stjbte with respect to 
altitude change. 

4 o The static stability of trie direct control typo rotor Is 
Independent of horizontal c.g. position as long as It Is within 
contro I limits. 

h. The direct control type autogyro considered is statically 
stable, due In large part to the ability of the rotor to change 
speed during pertur atlons. 

6. Trim curves te id to verify .he method developed for computing 
static stability derivatives, cut by themselves are not conclusive. 
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APPEND I < I 



Pt.y 1 il Ccn t n,t for Bor con C~ M Auto yro 



oT'OSS WO i .jht 



Vi a 4' L I * 



Center of xjvlty in relation to 
rotor ref j reri e ax i . 

( 

EqilvHont f I it p|j+e draj area, 
f jse I aye (e^t Ho Ted) 



x = "0. 10 , f fc 
z = - o I j f r . 

2 

f = S ft 



Enqlnc - 4 cyK M Cullou ,h 4818-A 

Thrust ax) p r a I lei to fjselajc- 

reference axis (a , ) 

p f 

Propeller - 43-24 Bask -Maxwell two-' tided pu her 

Hor i zoril i| tail - Area 

Aspec ! ratio 

L i ft curve s lope 

oweep of quarter chord 

Till a rn 

Till i rk. I dence 



72 IP ^ 4|0C PPM (r ited) 
x = - 2 . ' fr 

z p = +o.004| ft. 



Sf = 2 . fr 
A = I . .A 
a j- = 2.0 
.. =4 70 

A = - I .72 f 

I 



Ro or (teeter hinje) 

fieri,. er of o lades 
Radi us of b I ido 
Blade cliord (con tarit) 

Rotor solidity 
Built-in coning angle 
Blade pitch angle 
Made twist 
Blade airfoil sect ion 
Lift curve slope 

Brag coefficien' as a power series 



out the fl pping 



Mean dreg coc f f i , 1 e nt 
Miss moment of irerti j a 
hinge (per Made) 

Mass moment a out flapping hinge 
(per blade) 

Weight nomen about flapping hinge 
(per blade) acR 4 



Lock's blade constant 



I 



Incidence of plane perpend i c j I ir to rotor 
reference axis to fuselage reference lino 



b = 2 
K = 10 ft 
. = 0. f r 
c = 0.03a8 
: G = 0.07 r j j ian > 

0 o = 0.02o7 r . lions 

n j = 0 

Ben .enG-3 
a = ' . o per rid ian 
C J c = c + I -r + 2 
l Q = C.0I >o 
, = -0.0s09 
■ i = 0.3170 
7 = 0.01 o 

I j = 20.77 slug ft'" 

Mg =2.87 slug ft 2 

Mw =92. I fr 



l D = ■- • 7° 
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mPPENDIX n 

Aerodynamic Torq je Ro I :ticn 

Balky, in Ref. 4, jives the following relations for the 

accelerating and decelerating torque acting on a 1 1 f t i n ^ rotor h vlng 

3 

no bMde twist: (neglecting terms of the order ^ and higher) 



. Accelerating Torque: 

2Cq ? 2 

= d(+ 4 ,\ > a-K3(t 4 ^ 2 )A.e 0 -Ki(t4^4)« 0 



whore 



■ 5 

*4.1 -T-+ I- 



y, 2 b 8 ' 

129b 



M- 



+ 4,2 = ~ + 



4,4 



8B Y. 2 B 9 \ 



\ 



1 

864 






^B 10 

1080 j 



SB 2 y^B 1 

+ — i m/ 

g — 



2« Decelerating Torque: 



2C 



Q _ , 



= + | )+C I < + 5,2 ) -‘ +(t ^,3 )0 o +6 2 (+ , ! J X +(i C, ) 9 o +(t 3 



where 



, 1 1 2 
f 3,| “ 4 + 4 » 



0,2 = 3 



1 1 ; 



a ',,2 



‘3,3 “ 4 + 4 ^ 

‘I II I 2 B 4 B^ B l 

+ =- + - + + y, + 

* 2 4 B Z 2B 4 1 |lo2 8 ] ] 44y 

2 4 4 B 9 B° B 7 1 1 

J ’ u '3 + * + i? + V 

1 . 1 ,J 



J \J o 



“ 4 + . 4 



yb" 



Y|‘ 






144 



2u6 






Usi j a tip loss factor L = I- — = 0.972, suosf I ru f j ng t- o kf own rotor 

2R 

churou vor I st i cs as listed in Appendix | into the above equations, jnd 
add 1 r: , the acceleritif j to decelerating torque yields the following 
expression for The tots I aerodynamic torque: 



C q = — r p.^(A | /v.2-fA2^.+A ■j) " ( R j +0 ) n 



whc re 



A | = o. 47 l 

A 2 = 0. 3aC4 

A 3 = -0.001 144 
3 , = ~2.4292u0 
B 2 = -0. 0 ;b330 
B 5 = 0.0C412I 

At :n equilibrium rotor speed, 1 he torque is zero. 



Cg = 0 

and 

2 B|A 2 4e 2 -4€. 3 

p = — 

A | n +A2A+A3 



For 0 Oven rip sp^ed ratio the above relation results In a quadratic 
in i flow rtioc The larger arithmetic value o'tsl ed from the solution 
of the quadratic corresponds to rotor operation at a positive angle 



of attack. 
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